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ABSTRACT 
Alcohol dehydrogenase (ADH, alcohol: NAD+ oxidoreductase, EC 
1.1.1.1) is,the enzyme that catalyzes the interconversion of alcohols and 
their corresponding aldehydes and ketones. The multiplicity and 
structural diversity of human ADH have called for an inquiry regarding 
their presumable roles and functions. Class I isozyme is polymorphic, 
consisting of a, p, (pi, p2, p3) and y (yi, 72) subunits. The homodimeric 
isozymes aa, y iy i and 7272 are found in human liver only in small 
quantities and are difficult to isolate using conventional procedures. 
In the present investigation, attempts were made to use the 
dissociation/reassociation method for preparing the homodimers. Human 
class I ADH is isolated as a mixture by chromatography on DEAE-
cellulose, CapGapp-Sepharose and Affi-gel Blue Agarose. The modified 
Freeze/thaw method was used to achieve the dissociation/reassociation of 
enzyme. The presence of the coenzyme prevented the dissociation 
process, and did not seem to have any effect in the rate of reassociation or 
in the final activity yield. It is also found that surcose protect the original 
structure of ADH and inhibit the dissociation process. Addition of 1 mM 
DTT allows for a better recovery of activity (95 %). On the contrary, zinc 
did not inhibit the dissociation but decreased the rate and extent of 
reactivation. 
Other dissociation/reassociation methods, for example, urea; 
GdmCl and NaCl did not allow any reactivation upon removal. Acid 
treatment also caused deactivation of the enzyme. Such deactivation is 
n 
accompanied by dissociation as well as conformation changes of the 
enzyme. The presence of the coenzyme can increase the rate and the yield 
of reactivation upon neutralization of the enzyme. 
m 
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1-1 General Introduction 
Alcohol is the product of fermentation, the action of yeast on 
sugar. It can be made from almost any fruit or grain and was probably 
discovered accidentally by primitive man when he tasted some rotten 
fruit. The facts about alcohol are distorted by our emotionally charged 
attitudes toward drinking. These attitudes are the result of many factors, 
for example, family situation, socio-cultural experience, biological 
difference, religious beliefs as well as political, economic and personal 
feeling unique to each individual. 
Alcohol plays an important role in human societies. When 
consumed in moderate amount, it acts as a social lubricant, stimulating 
conversation and convivial behavior. Alcohol has been reported to have 
some medicinal value. For example, traditional Chinese medical beliefs 
assert that it has curative effects on rheumatism and anemia, especially 
for women after childbirth. Used in these ways, alcohol is a boon to 
mankind. 
On the other hand, alcohol is also the major drug of abuse in 
many countries, and alcoholism is quite common in many parts of the 
world. Excessive alcohol drinking is detrimental to health. For 
unknown reasons, alcohol-induced damage often dominates in one organ 
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and the principal organ affected also differs among individuals. The 
damage to one organ may also potentiate injury to another. For 
example, alcoholic pancreatitis may contribute to hepatic malfunction 
(Kennedy and Tipton, 1990) by causing inflammation in the small 
ductules of the biliary tree (cholangiolitis). Excessive alcohol 
consumption also affects the nervous system (Charness et al., 1989)，the 
cardiovascular system (Kaysen and Noth,1984; Segel et al., 1984)，the 
endocrine system (Noth and Walter, 1984) as well as the pancreas 
(Geokas, 1984) and the muscle (Haller and Knochel, 1984). Besides, 
alcohol also attacks judgment, followed by the most recently learned 
skill, such as driving; however, it has little effect on the sense of touch. 
In addition to these medical considerations, excessive alcohol drinking 
also leads to many social problems, such as divorce and unemployment. 
The problem of alcoholism appears to involve bio-medical, 
psychological and sociological factors. The need for multidisciplinary 
research is of utmost importance. One way of understanding the factors 
that contribute to alcohol-related problems is to start with the agent 
which is essential for the expression of the disease process. This can be 
accomplished by looking at the metabolism of ethanol and the biological 
effects of ethanol on a number of biochemical and physiological 
systems. 
1.2 Metabolism of Ethanol in Human Liver 
The major intoxicant of all alcoholic beverages is ethanol. In 
whatever form it is consumed, ethanol is absorbed by the stomach and 
the intestine into the blood and then passes through the hepatic portal 
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vein and reaches the liver, then to the heart where it is pumped out to 
the rest of the body. About 80% of the ingested ethanol is metabolized 
in liver; 10% is excreted from the bladder by urination and from the 
lung by breathing out; the remainder is metabolized at other body sites 
(Peters，1982). Because of the major role of the liver, study on ethanol 
metabolism has been focused on this organ. 
1.2.1 Oxidation of Ethanol to Acetaldehyde 
In the liver, ethanol is metabolized by the oxidative pathway 
which involves its oxidation to acetaldehyde which, in turn, is further 
oxidized to acetate. Three major pathways have been proposed for the 
metabolism of ethanol to acetaldehyde, namely, the cytosolic enzyme 
alcohol dehydrogenase (ADH), the microsomal ethanol oxidizing system 
(MEOS) located in the endoplasmic reticulum; and the peroxisomal 
mixed function oxidase, catalase. 
(A) ADH (Alcohol:NAD+ oxidoreductase, EC 1.1.1.1) 
The principal activity for the oxidation of ethanol to acetaldehyde 
is associated with the cytosolic NAD(H)-dependent enzyme ADH. The 
key role of this enzyme in ethanol metabolism is demonstrated by the 
reported 70-80 % reduction of ethanol oxidation at low ethanol 
concentration (4-10 mM) in the presence of the potent ADH inhibitor, 




Studies in both experimental animals and humans show that a 
significant fraction of the ethanol oxidizing capacity is insensitive to 
inhibition by pyrazole (Teschke et al., 1976; Lieber, 1977; Salaspuro et 
al.，1978). Such ethanol oxidizing capacity has been attributed to the 
MEOS. In addition to ethanol, MEOS requires NADPH and oxygen as 
co-substrates which are subsequently converted to NADP+ and water 
respectively. The Km value of MEOS is consistent with that of the 
pyrazole-insensitive pathway and is about an order of magnitude greater 
than that of the majority of ADH. The striking increase in the non-
ADH-mediated fraction of ethanol oxidation with increasing ethanol 
concentration demonstrates that MEOS plays a significant role in 
ethanol metabolism, especially at high ethanol concentration (Lieber, 
1977). 
(C) Catalase (Hydrogen-peroxide: hydrogen-peroxide 
oxidoreductase, EC 1.11.1.6) 
Liver peroxisomal catalase is also capable of oxidizing ethanol in 
vitro in the presence of H2O2 (Keilin and Hartree, 1945). However, it is 
generally accepted that it is not a significant contributor to the 
metabolism of ethanol. Its activity is limited by the amount of H2O2 
generated rather than by the amount of the enzyme itself (Thurman et 
al.，1975). By calculating the rate of H2O2 production in hepatocytes, it 
is believed that the catalase-H202 system contributes less than 5 % of the 
non-ADH-mediated pathway (Lieber, 1977). 
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1.2.2 Oxidation of Acetaldehyde to Acetate 
The acetaldehyde produced by the above pathways is further 
oxidized to acetate by the enzyme aldehyde dehydrogenase (ALDH) 
(Aldehyde:NAD+ oxidoreductase, EC 1.2.1.3). Human liver ALDH 
exists in a number of different isozymes (Pietruszko, 1983) which can 
be differentiated into two major classes on the basis of their Km values 
toward short chain aliphatic aldehydes. The isozyme with Km value in 
the micromolar range is localized in the mitochondria, while the three 
isozymes with Km values in the millimolar range are found 
predominantly in the cytosol (Henehan et al.，1985). Since acetaldehyde 
level in the liver seldom exceeds 100 | iM after drinking alcohol, the low 
Km mitochondrial isozyme is likely to be more important in ethanol 
metabolism (Bosron and Li, 1986). 
Besides the oxidative pathway, ethanol can also be metabolized 
through a non-oxidative pathway and undergoes esterification with fatty 
acid, leading to the formation of fatty acid ethyl esters (Laposata and 
Lange, 1986). This non-oxidative pathway accounts for the ethanol-
induced damage in organs where oxidative metabolism is minimal or 
absent, for example, the heart, the brain and the pancreas. Such ethanol-
induced damage can occur in the absence of liver disease (Lefkowitch 
and Fenoglio, 1983). Therefore, it is believed that there are some 
chemical mediators of ethanol-induced injury that are intrinsic to 
extrahepatic organs. Fatty acid ethyl esters may be such chemical 
mediators. A potential mechanism for the damage is the release of free 
fatty acids, known uncouplers of oxidative phosphorylation; thus 
impairs mitochondrial function (Lange and Sobel, 1983). Consequently, 
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the non-oxidative metabolism of ethanol may also play a role in causing 
ethanol-induced injury. 
1.3 Biological Effects of Ethanol 
Ethanol metabolism brings about an altered NADH:NAD+ ratio 
and the production of the highly toxic substance, acetaldehyde. In 
addition, chronic ethanol treatment results in proliferation of the 
smooth endoplasmic reticulum (SER). Al l these have profound influence 
on the metabolic functions of the liver. 
1.3.1 Altered Redox State 
The oxidation of ethanol by ADH and ALDH generates NADH, 
thus alters the redox state in the cell and is responsible for a number of 
metabolic abnormalities associated with alcohol abuse. For example, the 
increased NADH:NAD+ ratio wil l shift the lactate dehydrogenase 
equil ibrium toward the production of lactate, resulting in 
hyperlactacidaemia. This lactic acidosis impairs uric acid excretion and 
leads to hyperuricaemia. The altered redox state wil l also lead to (1) 
reduced gluconeogenesis and hence hypoglycaemia; (2) triglyceride 
accumulation which contributes to the development of alcoholic fatty 
liver; and (3) altered hepatic steroid metabolism (Lieber, 1980). 
7 
Introduction 
1-3.2 Acetaldehyde Toxicity 
Oxidation of ethanol produces acetaldehyde which is a chemically 
very active substance and can affect various cell function. Acetaldehyde 
impairs protein secretion and causes lipid peroxidation (Lieber, 1980), 
which is the major cause for hepatomegaly and ethanol-induced fatty 
liver respectively. Morphological changes of the mitochondria also 
occur in alcoholics. These abnormalities are associated with decreased 
capacity for the oxidation of acetaldehyde (Hasumura et al., 1975), thus 
forming a vicious cycle in which acetaldehyde accumulates and causes 
further damage to the liver. 
1.3.3 Proliferation of the SER 
Chronic ethanol administration increases the activity of the 
MEOS. Simultaneously, there is also an increase in the activity of the 
drug metabolizing enzymes which accounts for the increased drug 
tolerance of the alcoholics. The enhanced microsomal enzymes activities 
can exacerbate the toxic effects of some hepatotoxins, e.g. CCI4. 
Moreover, the induced SER enzymes also (1) contribute to hepatic 
vitamin A depletion and possibly vitamin A toxicity; and (2) increase 
lipoprotein production resulting in hyperlipaemia. Contrary to chronic 
consumption, acute ethanol administration inhibits the metabolism of 
other drugs through competition for an at least partially shared 
microsomal detoxification pathway (Lieber, 1987). 
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1丄 4 Individual and Racial Differences in Alcohol 
Sensitivity 
The biological effects of ethanol are different for different 
individuals. Such differences in alcohol sensitivity can be attributed to 
the difference in their rate of alcohol elimination (Li, 1977). 
Comparison of ethanol metabolism in identical and fraternal twins 
suggests that variations in the rate of ethanol elimination can be 
attributed largely to genetic rather than environmental factors (Vesell et 
al.， 1971). Moreover, ethanol el iminat ion rate, blood 
ethanol/acetaldehyde concentration, and certain physiological responses 
to alcohol ingestion have also been found to vary among racial groups 
(Reed, 1978; Hanna, 1978; Schaefer，1978; Seto et al., 1978). These 
differences have been reported to be related to the variation in the 
isozyme pattern of the alcohol metabolizing enzymes, namely ADH and 
ALDH (Bosron and Li, 1980). 
l A Alcohol Dehydrogenases 
ADH's are NAD(H)-dependent enzymes that catalyze the 
interconversion of alcohols with the corresponding aldehydes and 
ketones. ADH is universally distributed in living organisms, ocurring in 
bacteria, fungi, plants and animals. In general, ADH's are oligomers, 
with molecular weights ranging from 50,000-60,000 in plants to 
150,000 in yeast. Most animals appear to have multiple molecular forms 




In human, ADH occurs mainly in the cytoplasmic fraction of the 
liver though the muscle, kidney and fat tissues also contain significant 
ADH activity (Saleem et al., 1984). Human ADH has been found to exist 
as a mixture of isozymes. The number and amount of isozymes found 
vary with the particular tissue examined, the genetic background, the 
age and state of health of the individual, as well as the time of storage of 
the tissue (Vallee and Bazzone, 1983). 
Structurally, all the purified human ADH isozymes are dimers 
composed of two 40,000 MW subunits and 4 atoms of zinc. While 
sharing many physical and chemical properties, the different human 
ADH isozymes can be differentiated into three distinct classes (Vallee 
and Bazzone, 1983)，originally, on the basis of (1) electrophoretic 
mobility; (2) inhibition by pyrazole/4-methyIpyrazole； and (3) catalytic 
properties for the oxidation of ethanol. However, recent structural 
investigation of the subunits suggests that a total of five classes of ADH 
exists in humans. 
1.4.1 Different Classes of ADH 
Class I ADH exists as a number of homo- and heterodimeric 
isozymes which arose from the random association of three different 
types of subunits, namely, a, P and y. The presence of variants P and y 
subunits, pi，P2，p3’ Yl and 72, further increases the multiplicity of the 
class I ADH system (Vallee et al., 1985). Altogether, more than twenty 
different class I ADH isozymes have been identified. These isozymes 
exhibit isoelectric points ranging from 9-11 and migrate toward the 
cathode on starch gel electrophoresis at pH 7.7 to 8.6. They are all 
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effectively inhibited by 4-methylpyrazole with a Ki of 〜0.2 | iM (Li and 
Theorell，1969). Class I ADH isozymes have high binding affinities for 
ethanol (Km 〜1-2 mM at pH 10) (Wagner et al., 1983) and are subject 
to substrate inhibition at ethanol concentrations greater than 100 mM. It 
catalyzes the oxidation of, among others, aliphatic and aromatic primary 
alcohols, secondary alcohols，diols, co-hydroxy fatty acids and sterols, 
e.g. digitoxigenin (Frey and Vallee, 1980; Wagner et al., 1983). 
Class 11 ADH is represented by a single isozyme (tc-ADH). It has 
an isoelectric point of 8.6, and migrate cathodically, though slower than 
the class I isozymes, on starch gel electrophoresis (Bosron et al., 1977; 
Ditlow et al., 1984). It is relatively insensitive to 4-methylpyrazole 
inhibition with a Ki of 〜2 mM (Bosron et al” 1979a). It catalyzes the 
oxidation of ethanol, however, the Km value (120 mM at pH 10) is 
much higher than those of the class I isozymes. It oxidizes benzyl 
alcohol and 1-octanol most effectively; and ethanol, ethylene glycol and 
cyclohexanol most poorly (Ditlow et al., 1984). It is very specific, 
however, for the reduction of 3,4-dihydroxymandelaldehyde and 4-
hydroxy-3-methoxymandelaldehyde (Mardh et al., 1986). 
Class n i ADH (%-ADH) is characterized by a low isoelectric point 
of 6.4，thus migrates anodically on starch gel electrophoresis at pH 7.7 
to 8.6. It is virtually completely insensitive to 4-methylpyrazole 
inhibition. Contrary to class I and I I ADH isozymes, %-ADH cannot be 
saturated by ethanol, even at concentration as high as 2 M. The low or 
nonexistent activity of / - A D H toward methanol, ethylene glycol and 
digitoxigenin resembles the behaviour of class I I ADH. It prefers 
aliphatic alcohols of long carbon chain (Wagner et al” 1984). Recently, 
the class I I I ADH is found to be identical to the glutathione-dependent 
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formaldehyde dehydrogenase (FDH) (Koivusalo et al.，1989). 
Unlike the class I - I I I ADH isozymes, class IV ADH is identified, 
not from electrophoretic or kinetic properties, but from structural 
analysis (section 1.4.2). Class IV ADH (a-ADH) is characterized by its 
presence in the stomach but not in liver. It resembles class I I ADH in 
having slow cathodic mobility on starch gel electrophoresis. It has a 
high Km (11 mM) and a high kcat value (590 min-1) for the oxidation 
of ethanol at pH 10.0. Like the other classes of ADH isozymes, the Km 
value decreases as the chain length of alcohol increases. Aldehydes are 
better substrates than the corresponding alcohols, with m-
nitrobenzaldehyde being the best substrate examined. It is also strongly 
inhibited by 4-methyIpyrazole, the Ki value is about 10 | iM (Moreno 
and Pares, 1991). 
In contrast to all the other classes of ADH, class V ADH has not 
been isolated nor detected in any tissue. Its genetic material is identified 
by means of cross hybridization using a class I cDNA as a probe 
(Yasunami et al., 1991). Its mRNA has been found in both liver and 
stomach. The full-length cDNA was expressed in the E.coli expression 
system and in the in vitro translation system of rabbit reticulocytes. The 
protein produced has an isoelectric point of 8.6. It shows optimal 
activity at pH 10，and has a lower Km value for benzyl alcohol than for 
ethanol and propanol (Chen and Yoshida, 1991). 
1.4.2 Structural Properties of Human ADH 
The primary sequences of the various human ADH subunits have 
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been determined by protein sequencing and/or nucleotide sequence 
deductions (Buhler et al” 1984; Hempel et al” 1984; Jornvall et a l , 
1984; von Bahr-Lindstrom et al., 1988; Hoog et al., 1987; Kaiser et al” 
1988 and Yasunami et al., 1991). These structural informations allow a 
comparison of the intra- and inter- class differences. 
The structural homology between two different classes of ADH is 
about 60 % (Kaiser et al” 1988). The calculated percentage of positional 
identity between any two classes range from 57 % (class I I and class V) 
to 68 % (class I and class IV) (Yasunami et a l , 1991; Pares et al., 
1992). Although class I I and IV ADH are quite similar in certain kinetic 
properties (Moreno and Pares, 1991), structural homology (65 %) is 
not high enough to group them in the same class. In contrast, isozymes 
within the same class show more than 85 % sequence homology 
(Jornvall et al., 1989). The three polypeptide chains a, p and y, derived 
from three different gene loci, share 93% homology in their primary 
sequence. The subunit variants differ from each other by just one or 
two amino acids in the polypeptide chain containing a total of 374 amino 
acid residues. For example, P2 differs from Pi by having a His-47 
instead of Arg-47 (Jornvall et al” 1984) whereas p3 differs from Pi by 
having a Cys-369 instead of Arg-369 (Burnell et al., 1987). 
Conformational models of different human ADH classes have 
been constructed using computer graphics based on the known primary 
structures of the human enzyme and the known three-dimensional 
structure of the E subunit of the horse class I ADH, the first ADH 
analyzed crystallographically (Eklund et al., 1976). Comparison of the 
substrate-binding pockets of the class I subunits (a, P and y) with those 
of the class I I and I I I subunits explains their difference in substrate 
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specificity, pyrazole inhibition and other properties. Comparing the 
class I subunits with those of class II and II I subunits, there are no less 
than 8 and 10 replacements, respectively, out of 11 residues in the 
substrate pocket, while within the class I subunits, only 1-3 of these 11 
positions differ. A single residue, Val-294, is conserved throughout. 
The liver ADH, with different substrate binding pockets, 
resembles the patterns of other enzyme families such as the pancreatic 
serine proteases (Eklund et al., 1990). The inner part of the substrate 
cleft in both class I I and class I I I enzymes is smaller than that in the 
horse class I enzyme, as both Ser-48 and Phe-93 in the horse ADH are 
replaced by larger residues, namely, Thr and Tyr，respectively. In class 
I I ADH, the residues in the substrate pocket are larger in about half of 
the positions. It is rich in aromatic residues, with four Phe and one Tyr, 
making the substrate site distinctly smaller than in the class I subunits. 
For class I I I ADH, the inner part of the substrate cleft is narrow but the 
outer part is considerably wider and more polar than those in class I and 
I I enzymes. In addition, the residue in position 51 in the substrate 
binding site, Ser (or Thr) and Tyr in class I I and III，instead of His in 
class I，may also influence proton abstraction/donation at the active site 
(Eklund et al., 1990). 
1.4.3 Functional Implications of ADH 
The metabolic roles of ADH have hardly been defined in a 
manner that explains the widespread distribution of the enzyme in 
various organs, the presence of so many isozymes and also the great 
abundance of the enzymes in the liver. It is believed that besides the 
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oxidation of ethanol, ADH may also possess some other important 
physiological functions and that different isozymes may also have 
different roles, albeit unknown at the moment. 
1.5 Dissociation and Reassociation of 
Oligomeric Enzymes 
The multiplicity and structural diversity of human ADH have 
called for an inquiry regarding their presumable roles and functions. It 
is necessary to isolate and purify all the isozymes to homogeneity and 
obtained them in quantity for characterization. Since the activity of the 
dimeric isozyme is equal to the sum contributes by both subunits and is 
unresolvable by kinetic means (Fong and Keung, 1987a), therefore, it is 
beneficial to use homodimeric isozymes for studying the specific 
properties of the various subunits. Unfortunately, the homodimeric 
isozymes a a , y i y i and 7272 are found in human liver only in small 
quantities and are difficult to isolate by conventional procedures. A new 
technique to obtain these homodimeric isozymes has to be developed. 
One possible way to achieve this is to employ the dissociation and 
reassociation technique. Such dissociation-reassociation studies can also 
provide information on the subunit interaction as well as the structure-
function relationship of the enzyme. 
One important goal in enzymology is to understand the role of 
subunit interactions in oligomeric enzymes. Of particular interest is the 
identification of residues at the subunit interaction sites as well as the 
understanding of the mechanism of communication between subunits. 
While numerous examples of enzymes composed of non-identical 
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subunits in which one subunit has a regulatory role have been studied in 
detail，little is known of the role of subunit interactions in enzymes 
composed of identical subunits. Thus, it is important to understand the 
evolutionary justification and mechanism which have led to the creation 
of numerous multi-subunit enzymes composed of identical or similar 
polypeptide chains. Studies of the kinetics and thermodynamics of the 
interaction between the subunits should be useful in understanding how 
the three-dimensional quaternary structure endow these proteins with 
their unique biological properties. 
Dissociation of oligomeric proteins is usually a unimolecular 
process that is accompanied by denaturation and deactivation. In 
general，all these three reactions obey first-order kinetics. Many 
different methods have been employed for the dissociation process, for 
example, the addition of denaturants such as urea, GdmCl, detergents or 
by using strongly acidic or basic conditions. The rate and extent of 
dissociation depend on the specific conditions and vary with different 
proteins. For example, it is also well established that lactate 
dehydrogenase can be reversibly dissociated at low pH or by treatment 
with GdmCl, urea, high salt concentration, or freeze-thaw under 
specific conditions (Jaenicke, 1970; Rudolph and Jaenicke, 1976)， 
however, the different methods lead to different final states of 
unfolding. Appreciable residual secondary structure is preserved upon 
dissociation by acidic pH (Rudolph et al., 1977b), while in the presence 
of GdmCl, the enzyme is believed to be completely unfolded (Tanford, 
1972). In general, a high concentration (8 M) of urea can virtually 
dissociate all types of oligomeric proteins. At a lower and appropriate 
denaturant concentration, together with a low protein concentration, 
sometimes, (meta)-stable intermediates of dissociation can be obtained. 
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Such a condition also differs for different proteins. In most cases 
aggregation competes with partial dissociation. 
Reassociation of the subunits to form the oligomeric protein 
usually involves several processes, namely (1) correct folding of the 
monomers, a unimolecular process which is usually a first order 
reaction; and (2) association of the monomers, a bimolecular process 
which is usually second order, and in certain cases, also (3) correct 
folding of the reassociated oligomers. To avoid "wrong aggregation", 
correct folding of the monomers must precede association as formation 
of quaternary structure is specific and requires correct subunit 
interfaces. Depending on different enzymes, any of these reactions can 
be the rate-limiting step for the reassociation process. 
As a consequence, the reassociation of monomers may be 
governed by unimolecular folding processes at either the monomer or 
oligomer level, by bimolecular assembly, or by a bi-unimolecular 
sequential mechanism. Besides, dissociation-association equilibria 
between intermediates of reassociation may also participate in the 
mechanism. Kinetic analyses of reactivation and reassociation, starting 
from different stages of unfolding, and under different folding 
conditions, may be helpful in distinguishing the various possibilities. 
1.6 Outline of the Thesis 
In an attempt to understand the subunit interaction in human ADH 
and to investigation the possibility of producing the homodimeric 
isozymes by scrambling technique, the various methods of dissociation 
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and reassociation are examined. Class I ADH was purified from the 
human liver as a mixture of isozymes (Chapter 2). The purified ADH 
was dissociated and reassociated by the freeze/ thaw technique (Chapter 
3). Other dissociation and reassociation methods were all examined, 
including the use of urea, GdmCl, high salt and low pH (Chapter 4). 
The conditions which affect the rate and extent of dissociation and 
reassociation were examined in each case. 
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Purification of Human Class I Liver ADH 
Chapter 2 
2 • 1 Introduction 
The availability of homogeneous human liver ADH represents an 
important step in the study of human ethanol metabolism. Although 
kinetic properties of the enzyme can be obtained with partially purified 
mixture，structural properties of the enzyme obviously require 
homogeneous ADH. 
Human liver ADH's used in early studies were purified by 
classical protein purification techniques, including differential 
ammonium sulfate precipitation, gel filtration and ion exchange 
chromatography (von Wartburg et al., 1964; Blair and Vallee, 1966). 
These techniques were inefficient and the final product was often 
heterogeneous, precluding definitive biochemical characterization. 
Subsequently, commercially available affinity resins like Affi-gel Blue-
Sepharose and AMP-Sepharose have been proven useful in ADH 
purification (Adinolfi and Hopkinson, 1978; 1979). These affinants, 
however, suffer from the disadvantage that they are specific to a group 
of, rather than a single, protein. For example, the AMP-Sepharose resin 
can, in addition to ADH, adsorb most of the NAD+/NADP+-dependent 
dehydrogenases. 
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The most important breakthrough in the purification of ADH 
from human liver is the development of a specific affinity resin. An 
ADH-specific，double-ternary complex affinity chromatography 
procedure was devised by Lange and Vallee (1976). The method 
employs the 4-substituted pyrazole analogue, 4[3-(N-6-
aminocaproyl)aminopropyl] pyrazole, immobilized on Sepharose 
(CapGapp-Sepharose) as the affinity ligand. Pyrazole and its 4-
substituted derivatives are known to be potent inhibitors of horse 
(Theorell et al., 1969; Dahlbom et al., 1974) and human (Li and 
Theorell，1969; Pietruszko, 1975) class I ADHs, with Ki values in the 
micromolar range. These inhibitors bind to the enzyme-NAD+ binary 
complex and is therefore a competitive inhibitor toward ethanol 
(Theorell and Tonetani, 1963). 
» 
Liver ADH from various mammalian species, including the 
human, rat, horse and rabbit, has been found to bind selectively to 
CapGapp-Sepharose in the presence of NAD+ as the ternary complex 
(Lange and Vallee, 1976). The enzyme can then be eluted with the 
substrate, i.e. ethanol, through the formation of a second, catalytically 
active, ternary complex. Usually, the crude liver extracts were first 
partially purified on DEAE-cellulose and then chromatographed on 
CapGapp-Sepharose. With this simple two-stepped procedure, a single 
protein, as judged by SDS-polyacrylamide gel electrophoresis, can be 
obtained, with a yield of about 65-90%. In short, the use of the 
CapGapp-Sepharose affinity resin represents a rapid and specific method 
for the purification of large quantities of class I ADH. 
However, it should be emphasized that the CapGapp-Sepharose is 
21 
Purification of Human Class I Liver ADH 
applicable only to pyrazole-sensitive ADH, i.e. class I ADH. Human 
liver class I I and I I I ADH's, which are relatively insensitive to 
pyrazole's inhibition, do not bind to the resin. Nevertheless, the resin is 
still useful in separating the class I isozymes from the others. As a 
whole, separation of the three classes of ADH found in the liver extract 
can be accomplished by batchwise chromatography on DEAE-cellulose, 
which binds class I I I ADH, followed by chromatography of the DEAE 
breakthrough on CapGapp-Sepharose which specifically binds class I 
ADH (Vallee and Bazzone, 1983). 
The enzyme eluted from the CapGapp column is a mixture of the 
class I ADH isozymes. Further purification by cation-exchange 
chromatography such as CM-cellulose is needed i f individual isozymes 
are to be obtained for structural or kinetic characterization. Moreover, 
the CapGapp eluate, even after extensive dialysis, still contain a 
significant amount of the NAD(H). The coenzyme is unstable and, upon 
prolonged storage, can form some derivatives which have been reported 
to affect the activities of a number of dehydrogenases, including ADH 
(Hil l and Dickinson, 1989). Moreover, the presence of the coenzyme 
may also complicate subsequent study on the dissociation/reassociation 
process (Everse and Kaplan, 1973). Therefore, it is necessary to remove 
the coenzyme from the ADH preparation. In the present investigation, 
an affinity chromatographic step using Affi- Gel Blue is used for this 
purpose. 
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2.2 Materials and Methods 
2.2 .1 Materials 
N A D + (grades I I I and AAI), NADH and DEAE-cellulose were 
purchased from Sigma Chemical Co., St. Louis, MO. CapGapp-
Sepharose was a gift from Professor Bert L. Vallee, Harvard Medical 
School, Boston, MA. Affi-gel Blue and chemicals for polyacrylamide 
gel electrophoresis were purchased from Bio-rad Laboratories Ltd., 
Hercules，CA. Molecular weight calibration kit for SDS-polyacrylamide 
gel electrophoresis was obtained from Pharmacia, Uppsala, Sweden. 
Ethanol was obtained from Riedel-de Haen，Hannover, Germany. 
Deionized-distilled water was used throughout. 
2.2.2 Human Liver 
Human liver specimens from apparently healthy individuals who 
had succumbed to sudden death were obtained from the Prince of Wales 
Hospital, Shatin, N.T. Specimens were stored at -70 before use. The 
livers used for the present study have the Oriental phenotypes, as 
determined by the total activity of the liver and the pH-activity profile 
for ethanol oxidation (Harada et al.,1978). 
2.2.3 Purification of Human Class I Liver ADH 
The class I ADH was purified according to the procedure of Fong 
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and Keung (1987b)，with slight modification. The pH of all solution was 
adjusted at 4 In a typical preparation, 10 g of the liver was 
homogenized in 20 ml distilled water with a Waring Blender. Al l 
subsequent steps were carried out at 4 The crude extract was 
centrifuged at 30,000 x g for 45 min. The supernatant was filtered 
through cheesecloth. The deep red solution was dialyzed against 10 mM 
Tris-Cl，pH 7.9 for 18 hr and was then passed through DEAE-cellulose 
(18 X 2.5 cm) equilibrated with the dialyzing buffer. The column was 
eluted with the same buffer. Fractions with ADH activity were pooled 
and adjusted to 1 mM NAD+，50 mM Tris-Pi, pH 9.0 (Yoshida et al” 
1981). The resulting pale yellow solution was applied to a CapGapp-
Sepharose affinity column (7 x 2.5 cm) equilibrated with the same 
buffer. After all the unbound protein was washed off, bound class I 
isozymes were eluted with 0.5 M ethanol in 50 mM Tris-Pi, pH 9.0. 
Fractions were assayed for ADH activity and were pooled accordingly. 
The mixture of class I isozymes was concentrated on an Amicon PIO 
ultrafiltration membrane accordingly and dialyzed against 10 mM NaPi 
buffer, pH 7.0. at 4 ""C. To remove the coenzyme, the dialyzed enzyme 
solution was applied to the Affi-Gel Blue column (12 x 1.5 cm) 
equilibrated with the dialyzing buffer. After all the NAD+ has been 
washed off, the enzyme was eluted with 1 M NaCl in the same buffer. 
The NAD(H) free class I ADH was concentrated on an Amicon PIO 
ultrafiltration membrane. After dialysis against 2 mM NaPi buffer, pH 
7.0, the enzyme is ready for use. 
2.2 .4 Enzyme and Protein Assays 
ADH activity was determined at 25 by following the increase 
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in absorbance at 340 nm using a Hitachi 2000 spectrophotometer. The 
assay medium contains 2.4 mM NAD+, 40 mM ethanol in 0.1 M 
glycine-NaOH, pH 9.0. One unit of enzyme activity is defined as the 
amount of enzyme that catalyzes the conversion of 1 ^rniole of 
substrate/min under the conditions of assay, a molar absorptivity of 
6220 M - l c m - 1 for NADH at 340 nm being used. The protein 
concentration of the enzyme preparation was determined with the Folin 
reagent (Lowry et al., 1951) and that for the CapGapp chromatography 
elution profile was determined by the method of Bradford (1976). In 
both cases, bovine serum albumin was used as the standard. 
2.2.5 Electrophoretic Procedure 
Electrophoresis in SDS-polyacrylamide gel was performed 
according to the method of Laemmli and Favre (1973). A separating gel 
of 12 % was used. After electrophoresis, the gel was stained with 0.05 
% w/v Coomassie brilliant blue R in acetic acid/methanol/water (1:3:10) 
and destained with acetic acid/methanol/water (1:3:10). A calibration kit 
for SDS-polyacrylamide gel electrophoresis composed of phosphorylase 
b (MW 94,000), bovine serum albumin (MW 66,000)，ovalbumin (MW 
43,000), carbonic anhydrase (MW 29,000), soybean trypsin inhibitor 
(MW 20,100) and a-lactalbumin (MW 14,400) was used to provide 
molecular weight markers. 
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2.3 Results 
The result for a typical preparation of Oriental class I ADH is 
summarized in Table 2.1. DEAE-cellulose removed more than 80% of 
the soluble protein in the crude extract (Fig. 2.1 and Fig. 2.5), with 
virtually complete recovery of activity. This single step increased the 
specific activity from 0.31 to 1.96 U/mg protein. The basic non-ADH 
proteins，which co-elute with the class I ADH's in DEAE-
chromatography, were removed by the CapGapp-Sepharose affinity 
column. Under the condition employed, the class I isozyme are 
specifically bound to the CapGapp-resin and can be eluted as a group 
from the affinity resin with 0.5 M ethanol (Fig 2.2). About 60 % of the 
activity was recovered and the specific activity of the preparation was 
further increased by about 2.6 fold (Table 2.1). 
The ultraviolet spectrum of the CapGapp eluate, after extensive 
dialysis, is shown in Fig 2.3 A. It showed an absorption maximum at 
260 nm, indicating the presence of a significant amount of the 
nucleotide, NAD(H), which has been included in the washing buffer 
during CapGapp chromatography. Subsequent chromatography on Aff i-
Gel Blue serves to remove the coenzyme from the protein (Fig. 2.4). 
During the washing process, the eluent has a higher absorbance at 260 
nm than at 280 nm, suggesting that the coenzyme was washed off the 
column. On the other hand, all the enzyme activity bound to Affi-gel 
Blue-agarose and can be eluted with 1 M NaCl. The absorbance 
spectrum of the eluted enzyme showed a maximum at 280 nm (Fig.2.3 
B), typical of a pure protein preparation，indicating that most, i f not all, 
NAD(H) has been removed. The specific activity of the enzyme 
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Table 2.1 Purification of Human Liver Class I ADH Isozymes a 
Purification T o t a l ~ T o t a l ~ Specific ~ Y i e l d “ " " “ Purification 
Step Activity b Protein Activity (%) (fold) 
(U) (mg) (U/mg) 
30,000 X g 5 9 0 ~ O ^ m i 
Supernatant 
DEAE- m M L96 ^ ^ 
Cellulose 
CapGapp- 23.5 l 0 7 ^ 
Sepharose 
Affi-gel 65 r i S m 35 
Blue-
Agarose 
aiO g human liver was used. 
bThe enzyme activity was assayed in 0.1 M Glycine-NaOH buffer, pH 
9.0, containing 2.4 mM NAD+ and 40 mM ethanol. 
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Figure 2.1 DEAE-chromatography of human liver ADH. 
The 30,000 x g supernatant of liver homogenate, after dialysis 
against 10 mM Tris-Cl buffer, pH 7.9, was applied to a column of 
DEAE-cellulose (18 x 2.5 cm) equilibrated with the same buffer. 
The column was washed with the same buffer and then eluted with 
the inclusion of 0.5 M NaCl in the same buffer. Fractions of 5 ml 
were collected. Fractions 3-10 were pooled for further 
purification. 
28 
Purification of Human Class I Liver ADH 
3 1 ~ p 0.5 
1 1 
•营 .0.3 I 
I . i I . 兵 
Q a 
^ tr -0.2 I 
a> 1 ^ 
e 議 “ I 
Ethanol 丛 ‘ M i l : 。 . ' 
0彻""umiiffuwMumB • ( - o . o 
0 . 10 20 30 40 50 
Fraction Number 
Figure 2.2 CapGapp-affinity chromatography of human 
liver ADH. The DEAE breakthrough was adjusted to 1 mM 
NAD+，50 mM Tris-Pi, pH 9.0, and was then applied to a 
CapGapp-Sepharose column (7 x 2.5 cm) equilibrated with the 
same buffer at a flow rate of 40 ml/h. The column was washed 
With tl^ e equilibrating buffer until no protein could be detected in 
the effluent. Finally, the column was eluted with 0.5 M ethanol in 
50 mM Tris-Pi buffer, pH 9.0. Fractions of 10 ml were collected. 
Fractions 30-40 were pooled for further purification. 
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Figure 2.3 UV-absorption spectrum of: (A) CapGapp 
eluate and (B) Affi-gel Blue eluate. 
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Figure 2.4 Affi-Gel Blue chromatography of human liver 
class I ADH. The purified ADH isozymes was adjusted to 10 mM 
NaPi, pH 7.0, and was then applied to a Affi-Gel Blue column (12 
X 1.5 cm) equilibrated with the same buffer. The column was 
washed with the equilibrating buffer until the effluent had no 
absorbance at 260 nm or 280 nm. Finally, the column was eluted 
with 1 M NaCl in 10 mM NaPi buffer, pH 7.0； Fractions 56-70 
were pooled and dialysed against 2 mM NaPi, pH 7.0. 
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preparation did not change significantly after the Affi-gel Blue-agarose 
chromatography. The final recovery of activity of the entire 
purification process was about 35 % (Table 2.1). 
The SDS-polyacrylamide gel electrophoretic pattern of the 
enzyme preparation at various stages is shown in Fig. 2.5. The liver 
homogenate revealed multiple protein bands, among which ADH is only 
a minor component. After DEAE-chromatography, most of the 
contaminating proteins were removed. The materials eluted from the 
CapGapp affinity resin gave a single band of molecular weight 40,000. 
2.4 Discussion 
The isolation procedures used here take advantage of the fact that 
the isoelectric point of the human class I liver ADH is above pH 9.0， 
which is substantially higher than most of the soluble proteins in the 
liver. This property has permitted appreciable purification of the 
enzyme by a single ion exchange chromatography step. Thus, the bulk 
of the acidic and neutral proteins present in the liver extract are 
removed effectively by adsorption onto DEAE-cellulose, leaving only 
the basic proteins for subsequent fractionation on CapGapp-Sepharose. 
The use of DEAE-cellulose early in the procedure results in a 5- to 10-
fold purification, and the yield at this stage is over 90 %. 
In the present investigation, class I I and class I I I ADH activity 
could not be detected in the elution profile during the purification 
process. This may be due to the fact that the total activity of the class I I 
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Figure 2.5 SDS-polyacrylamide gel electrophoresis of 
ADH samples of different stages of purification: (a) liver 
homogenate-supernatant, (b) DEAE breakthrough, (c) CapGapp 
eluate of Oriental liver extract and (d) standards composed of 
phosphorylase b (MW 94,000)，bovine serum albumin (MW 
67,000)，ovalbumin (MW 43,000)，carbonic anhydrase (MW 
29,000), soybean trypsin inhibitor (MW 20,100) and a -
lactalbumin (MW 14,400). 
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and I I I ADH is relatively low compared with the class I enzyme. 
Moreover, class II and II I is also known to be less stable and may not be 
detected as the liver used has been stored for a long time. 
The affinity resin CapGapp-Sepharose (Lange and Vallee, 1976) 
was originally employed for the isolation of the Caucasian class I ADH 
isozymes, but can also be used for the Oriental enzyme with some 
modification of the buffer system (Yoshida et al., 1981). The two 
phenotypes of ADH have quite different properties. For instance, the 
unresolved class I isozymes mixture purified from most of the Oriental 
livers has a specific activity (assayed at pH 9.0)〜10 times higher than 
that of the class I ADH isozymes isolated from Caucasian livers. This is 
largely due to the fact that the variant or atypical p2 subunit found in 
the Orientals is intrinsically more active than the typical p i subunit 
existing in most Caucasian livers. The Oriental ADH also differs from 
the Caucasian enzyme in the pH dependence of enzyme activity, the pH 
optima being 9.0 and 10.5 respectively (von Wartburg and Schurch, 
1968). 
Affi-gel Blue is the commercial name of the immobilized triazine 
dye, Cibacron Blue F3GA-agarose. It has been reported to bind 
reversibly with several types of nucleotide-dependent enzymes, 
especially those dehydrogenases that utilize dinucleotide as coenzyme; 
thus, it is widely used in their purification. Such specific enzyme-dye 
interaction is characterized by a red shift of the blue dye after protein 
binding (Thompson et a l , 1975). On the other hand, i f the binding is 
non-specific, for example, with albumin, no red shift can be detected 
(Appukuttan and Bachhawat, 1979). Cibacron Blue F3GA has a 
structure (Fig.2.6) similar to the dinucleotide and binds to the coenzyme 
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Figure 2.6 Chemical structure of Af f i -gel Blue. The 
Cibacron Blue dye is covalently attached to agrose. 
binding site of the enzymes. Hence, it competes with NAD(H) for the 
binding of the enzyme. This property can be exploited for the removal 
of NAD(H) from the enzyme preparation. 
The recovery and specific activity of the enzyme obtained vary 
slightly for different preparation using different liver. Usually, from 10 
g of Oriental human liver, about 30-50 mg of class I ADH can be 
obtained. The unresolved class I ADH isozyme mixture purified had a 
specific activity ranges from 4 to 6 U/mg protein. Starting from the 
30,000 x'g supernatant, the overall purification ranges from 25- to 50-
fold, depending on individual livers, with a yield of 30-50 %. 
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Chapter 3 
3.1 Introduction 
The biological activity of a protein depends on its native three-
dimensional structure. Hence, it can be used to follow the folding and 
association of protein. For enzymes, the denaturation process can be 
easily followed by measuring its specific enzymatic activity, which is 
fast，specific and sensitive. Physical methods should also be included in 
the study of the denaturation process. These methods have been widely 
used to characterize protein folding transition under varying conditions, 
with two basic objectives: first, comparison of the reconstituted, ie. after 
dissociation and reassociation, structure with the native one; and second, 
determination of the time-course of the process. 
The freeze/thaw technique was first developed by Makert in 1963 
to study the dissociation and reassociation (D/R) of lactate 
dehydrogenase (LDH). Later, the same procedure was also used 
successfully for the D/R of wheat ADH from Trithicum (Hart, 1971). 
The F/T technique, together with other dissociation and reassociation 
methods, have been used to indicate the "dimeric structure" and subunit 
composition of ADH isolated from horse (Drum et a]., 1967; Lutstorf 
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and von Wartburg，1969), Trithicum (Hart, 1971) and human (Smith et 
al” 1973; Berger et al.,1974; Bosron et al.,1983; Yin et al., 1984) 
sources. 
Studies on LDH showed that a number of factors affect the rate of 
D/R during freezing and thawing. These include the presence of halides， 
coenzymes, buffers, denaturing agents as well as temperature and pH 
(Everse and Kaplan, 1973). The subunits in an oligomeric enzyme are 
likely to be held together by a number of different intra-molecular 
forces including hydrogen bonds, hydrophobic interactions and ionic 
interactions. These interactions are affected during the F/T process and 
result in subunit dissociation and reassociaion. 
During the freezing process, solutes such as enzymes and salts are 
concentrated as the water molecules crystallize, thus causing dramatic 
changes in pH and ionic strength in the micro-environment of the 
enzyme. In the present procedure, freezing (-78 °C) the enzyme in 0.1 
M NaPi, pH 7.0 subject the enzyme to an acidic environment in the 
frozen state as the pH of the NaH2P04 / Na2HP04 / H2O system (pH 
7.0 at 25。C) approaches 3.6 near its eutectic point (-9.9。C) (van den 
Berg, 1959). On thawing the enzyme and subsequent incubation at 25 
the pH of the environment is restored to 7.0. 
The application of the F/T technique for human ADH has been 
studied by Brigand et al. (1989). Their findings that freezing accelerates 
subunit dissociation indicate the importance of hydrophobic forces in 
maintaining the quaternary structure of the enzyme. This is also 
supported by their observation that the rate of reassociation is increased 
by increasing the temperature. The reassociation between the subunits is 
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a random process: the relative amount of the isozymes a a : ap : pp 
obtained by dissociating the heterodimer a p and subsequent 
reassociation follow the binomial distribution of 1:2:1. Some of the 
factors that affect the F/T process have also been examined. For 
example，it was found that the time during which the enzyme remains 
frozen is unimportant. On the other hand, enzyme concentration, 
freezing temperature and the buffer system seems to be critical. 
In the present investigation, the effects of several agents on the 
rate and extent of dissociation and reassociation were examined. 
Particular attention was given to the conditions for the protection of the 
monomers, hoping that they can retain the potential of reassociation 
even after prolonged storage, during which the different types of 
monomers can be separated from each other. Various stabilizing agents 
were investigated, including sucrose, DTT，the coenzyme NAD+ and 
NADH，as well as the salt ZnCl2. 
3.2 Materials and Methods 
3.2.1 Materials 
N A D + (grades III), NADH, DTT, ZnCl2, NaPi, sucrose were 
purchased from Sigma Chemical Co., St. Louis, MO. Absolute ethanol 
was obtained from Riedel de-Haen, Hannover, Germany. Deionized-
distilled water was used throughout. 
39 
D/R of Human Class I ADH by F/T Technique 
3-2.2 Enzyme Activity and Protein Determination 
ADH activity was assayed at 25 by following the formation of 
NADH at 340 nm in an assay medium containing 40 mM ethanol and 2.5 
m M NAD+ in 0.1 M glycine-NaOH, pH 9.0，using a Hitachi 2000 
spectrophotometer. Protein concentration was determined 
colorimetrically by the method of Lowry (Lowry et al., 1951)，using 
bovine serum albumin as the standard. 
3*2.3 Effects of Various Reagents on ADH Dissociation 
Dissociation of the enzyme was performed according to the 
procedure of Brigand et al. (1989) with slight modification. The 
enzyme (0.6 mg/ml) in 0.1 M NaPi, pH 7.0 with various reagents, was 
frozen in dry ice/acetone mixture (-78 °C) for 10 min. To achieve 
reassociation, the enzyme preparation was incubated at 25 "^ C. 
3.2.4 Effects of Various Reagents on ADH Reassociation 
The enzyme (0.5 mg/ml) in 1 mM DTT, 0.1 M NaPi, pH 7.0，was 
frozen in dry ice/acetone mixture for 10 min and then allowed to thaw 
slowly at 0 After complete thawing, different reagents were added. 
The preparation was then incubated at 25 to allow reassociation. 
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3.2.5 Effects of Various Reagents on the Stability of 
ADH Monomers 
The enzyme (0.5 mg/ml) in 1 mM DTT, 0.1 M NaPi, pH 7.0, was 
frozen in dry ice/acetone mixture for 10 min and then allowed to thaw 
slowly at 0。C. After complete thawing, different reagents were added. 
The preparation was kept at 0 for 24 hr before incubating at 25 
for reassociation to occur. 
3.3 Results 
Activity assay of the enzyme preparation which was frozen in the 
presence of sucrose, NAD+ or NADH showed a similar pattern. A 
significant amount of activity (ranging from 73-93 %) was detected 
immediately after thawing the enzyme preparation. Further incubation 
for 1 hr at 25 failed to increase the recovery of activity (Fig. 3.1). 
On the contrary, those enzyme preparation frozen in the presence 
of the buffer itself or with the inclusion of DTT followed a different 
pattern. Only about 5 % of the activity can be detected immediately 
after thawing the enzyme. The recovery of activity increased gradually 
with incubation at 25 such that after 1 hr of incubation, 95 % and 65 
% of activity can be regained for the enzyme which have been frozen in 
the presence and absence of DTT respectively. The enzyme preparation 
frozen in the presence of ZnCl2 showed about 5 % activity after thawing 
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Figure 3.1 Effects of various reagents on ADH dissociation. 
ADH (0.6 mg/ml ) in O.IM NaPi, pH 7.0 was frozen for 10 min in 
dry ice/ aectone mixture ( -78°C ) in the presence of various 
reagents and rapidly thawed at 0。C The preparation was then 
iiicubated at 25 Enzyme activity was assayed in 0.1 M glycine-
NaOH, pH 9.0, containing 2.5 mM NAD+ and 40 mM ethanol. 
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the activity remained low even after prolonged incubation at 25。C，such 
that after 1 hr, less than 15 % activity can be recovered (Fig. 3.1). 
The effects of the various reagents on the rate and extent of ADH 
reassociation is shown in Figure 3.2. In all cases, after thawing the 
enzyme at 0。(：，the activity of the preparation was about 5-10 %. 
Addition of sucrose, NAD+ or NADH to the thawed mixture did not 
seem to have any significant effect on the rate or extent of the 
reassociation, compared with the control in which the enzyme had been 
frozen only in the presence of DTT in buffer. Incubation of these 
preparations at 25 results in a gradual increase of enzyme activity 
such that after 1 hr, maximal activity of about 85-95 % activity can be 
obtained. In contrast, the activity yield of the enzyme preparation to 
which ZnCl2 has been added remained at only about 30 % even after 2 
hr of incubation (Fig. 3.2). 
The activity of the enzyme preparation, after freezing and 
thawing, remained as low as 10 % after incubating in the absence and 
presence of sucrose or ZnCl2 at 0 for 24 hr. A higher activity of 
about 25-30 % was detected for the enzyme which have been stored in 
the presence of NAD+ or NADH. For all of them, subsequent incubation 
at 25 increased the activity of the preparation in a manner similar to 
that observed in section 3.2.4, namely, about 30 % recovery was 
observed for the enzyme in the presence of ZnCl2，while for the rest, 
about 85-95 % activity can be regained after 2 hr of incubation (Fig. 
3.3). 
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Figure 3.2 Effects of various reagents on ADH reassociation. 
ADH (0.5 mg/ml) in 1 mM DDT, 0.1 M NaPi, pH 7.0 was frozen 
in dry ice/ acetone mixture for 10 min and then allowed to thaw 
at 0 After complete thawing, different reagents were added. 
The preparation was then incubated at 25 to allow 
reassociation. Enzyme activity was assayed in 0.1 M glycine-
NaOH, pH 9.0, containing 2.5 mM NAD+ and 40 mM ethanol. 
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Figure 3.3 Effects of various reagents on the stability of ADH 
monomers. ADH (0.5 mg/ml) in 1 mM DTT, 0.1 M NaPi, pH 7.0 
was frozen in dry ice/acetone mixture for 10 min and then 
allowed to thaw slowly at 0 After complete thawing, the 
prepsu'ation was kept at 0 °C for 24 hr before incubating at 25。C 
for reassociation. Enzyme activity was assayed in 0.1 M glycine-
NaOH, pH 9.0，containing 2.5 mM NAD+ and 40 mM ethanol. 
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3.4 Discussion 
Dissociation of an oligomeric protein may involve denaturation 
and deactivation. Dissociation represents the separation of the subunits 
from each other and can be followed by changes in the molecular weight 
of the protein species. Denaturation represents changes in protein 
conformation and can be followed by some physical biochemical 
techniques, for example, circular dichroism. Deactivation involves the 
loss of the activity of the protein, which in the case enzyme, can be 
easily followed. 
It has to be emphasized that not all dissociation wi l l lead to 
deactivation, however, for most oligomeric enzymes, the quaternary 
structure appears to be essential for the enzyme activity. In those cases, 
activity assay may represent a sensitive, convenient and fast, yet 
indirect, method to follow the dissociation and reassociation process. 
In our study of the human ADH, activity assay was used to follow 
the D/R process because there are indications, both kinetic and 
structural, that the monomeric species of the enzyme does not have any 
enzymatic activity. 
The first indication come from the study of Briganti et al. (1989). 
The reassociation of human class I ADH is a temperature-dependent 
process and this permits the isolation of a monomeric form of the 
enzyme. After being thawed at 0 ，the enzyme mixture is analyzed by 
gel filtration carried out at 0 Two peaks with retention volumes 
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corresponding to MW of 80,000 and 40,000 are obtained. The first 
peak，corresponding to the dimeric form of ADH, is active when 
assayed at 0。（：. The second one, containing the monomeric form, 
inactive at 0 regains partial activity after incubation at 25 over a 
period of time. Besides, the fluorescence spectrum of the protein 
immediately after thawing, which presumably represent the monomers, 
also differ significantly from that of the native enzyme. Upon incubation 
at 25。C，complete recovery of activity can be obtained and the 
fluorescent spectrum returns to that of the control. The result of activity 
assay suggested that the freezing process can produce monomers which 
are inactive and activity can be regained only after subsequent 
reassociation. 
Another indication that the monomer is inactive comes from the 
study of horse ADH (Andersson and Mosbach，1979). In that study, the 
horse EE (ethanol-active) and SS (steroid-active) isozymes were 
immobilized separately to the CNBr-activated Sepharose. The resulting 
immobilized dimeric preparations lost practically all of their activity 
after treatment with 6 M urea. However, enzyme activity was 
regenerated by allowing the urea-treated Sepharose-bound ADH to 
interact specifically with either soluble subunits of dissociated horse 
liver ADH or soluble dimeric enzyme. The regeneration of steroid 
activity in the immobilized preparations after treatment of the bound S 
subunits seem to show that true reassociation of the enzyme had taken 
place on the solid phase, since only isozymes with an S-polypeptide 
chain are active when using the steroid 5 P-dihydrotestosterone as 
substrate. The results indicate that immobilized single subunits of horse 
liver ADH are inactive and that dimers formation is a prerequisite for 
the enzymic activity. 
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Structural studies also suggest that the monomer is inactive 
(Eftink，et al., 1974; 1976, Eklund，1984; 1989). Crystallographic 
investigations of horse liver ADH have demonstrated the coenzyme-
binding domain involve participation of amino acid residues from both 
subunits. In the molecular level NAD+ acts as an activator which 
induced an active form of enzyme. The coenzyme is bound in the cleft 
between the domains across the edge of the coenzyme-binding domain 
with several hydrogen bonds, charged and hydrophobic interactions. 
The conformational change of the enzyme increases the number of 
interactions formed between the coenzyme and the enzyme. The optimal 
binding interaction is partly due to the rotation of the catalytic domain. 
Also, a small conformational change of the coenzyme-binding domain is 
also important to improve the binding interactions. The coenzyme 
rotates at the edge of the coenzyme-binding domain further into the 
binding cleft (Eklund, et al.,1984). 
Many factors can influence the dissociation and reassociation 
process. For example, the presence of coenzyme has been found to 
interfere with the dissociation of many dehydrogenase. It has been 
reported that NAD+ can inhibit dissociation of LDH (Everse and 
Kaplan, 1973) and pig heart mitochondrial malate dehydrogenase, even 
at concentration as low as 10-8 N (Shore and Chakrabarti, 1976). In the 
present study on ADH, the coenzyme, NAD+ and NADH, also inhibit 
the dissociation process such that almost complete activity can be 
detected immediately after thawing of the enzyme preparation (Fig. 
3.1). This is not unexpected as NAD+ and NADH are coenzymes of 
ADH and, as shown by structural analysis, bind to the region between 
the two subunits (Eklund, et al., 1984). In other words, NAD+ and 
48 
D/R of Human Class I ADH by F/T Technique 
NADH can stabilize the quaternary structure of human ADH. 
For the ressociation process, the coenzymes have also been 
reported to have different effects for different dehydrogenases. For 
example, it increases the rate of reassociation of pig heart mitochondrial 
malate dehydrogenase (Wood et al., 1981); it increases the yield of 
reassociation of yeast glyceraldehyde-3-phosphate dehydrogenase 
(Rudolph et al” 1977a) and pig heart/muscle LDH (Rudolph et a l , 
1977c). However, in the present investigation, the presence of the 
coenzyme does not seem to have any obvious effect in the rate of 
reassociation or in the final activity yield (Fig. 3.2)，though a greater 
increase in reassociation compared with that of control can be observed 
during incubation at 0 for 24 hr. 
Sucrose has been shown to be a stabilizing co-solvent against F/T 
damage (Frigon and Lee, 1972). In the present study, it was found that 
sucrose also protect the quaternary structure of ADH and inhibit the 
dissociation process. Stabilization by sucrose may be due to the 
exclusion of this molecule from contact with the protein surface 
(Arakawa and Timasheff, 1985). Since surface area increases upon 
protein denaturation/dissociation, such protectant would shift the 
equilibrium toward the native protein structure. 
For many enzymes, the attainment of their functional state 
depends on the presence of metal ions and/or other non-protein 
components. ADH is a zinc-metalloenzyme and it is interesting to see 
whether the metal has any effect on the deactivation or reactivation of 
the enzyme, as the metal atom might be depleted during the freezing 
process. In principle, the presence of zinc may bind to partially folded 
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intermediates and accelerate protein folding to form the fully 
reconstituted protein. The presence of such ligands have been found to 
increase the yield of reconstitution in certain enzymes (Jaenicke and 
Rudolph，1989). In the study of human ADH, it appears that zinc did not 
inhibit the dissociation process. On the other hand, it decreased, rather 
than increased, the rate and extent of reactivation. It has been suggested 
that zinc may be involved in stabilizing the quaternary structure of ADH 
(Drum et al” 1967). The reasons for the low recovery of activity in the 
presence of zinc remains unknown. 
Freezing and thawing the enzyme simply in the buffer allows 
almost complete dissociation, as the activity immediately after thawing is 
less than 5%. However, it gives only about 60 % recovery of activity 
upon incubation at 25 The inclusion of 1 mM DTT, while having 
negligible effect on dissociation, allows for a better recovery of 90 % 
activity. DTT is a strong reducing agent with a standard redox potential 
of -0.33 V at pH 7.0 and 25。C (Cleland, 1964). It can protect the 
sulfhydryl group of the enzyme upon dissociation and reduce the 
disulfide linkages, i f there are any. Hence, it is the method of choice for 
further experiments. 
To employ the dissociation/reassociation process for the 
preparation of homodimers, it is important that the monomers should be 
stable for a sufficiently long period of time during which the different 
monomers can be separated or further characterized. Keeping the 
thawed enzyme at 0 "^ C in the presence of sucrose or DTT could prevent 
the reassociation process and more important, the enzyme is still capable 
of reactivation by incubation at 25 °C after one day. 
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Chapter 4 
4 • 1 Introduction 
The native structure of a protein is determined by its primary 
sequence, however, it is stable only under appropriate physical 
environment. Changing the solvent conditions, for example, by 
increasing its chaotropic characteristics, may lead to denaturation. 
Fortuitous irreversible chemical modifications of the amino acid side 
chains may occur during the process. Denaturation by addition of 
chaotropic agents is commonly accompanied by deactivation and 
dissociation of assembly structures, as well as solubilization of 
aggregates. 
A wide variety of physical conditions and solvents have been used 
as denaturing agents (Parr and Hammes, 1975; Jaenicke et al., 1981; 
Yao et al.，1984; Herold and Kirschner, 1990). In the present 
investigation, the conventional denaturant, urea and GdmCl; high 
concentrations of salt such as NaCl and (NH4)2S04’ are tested for their 
ability to dissociate dimeric ADH isozymes. In all cases, the ability to 
reassociate was examined by removal of the dissociation condition 
through dilution and dialysis. 
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The effect of salt on the enzyme depends on both the 
concentration and the nature of the salt. The effects can be either 
stabilizing or denaturing. Some ions can reduce the solubility of 
hydrophobic groups on the protein molecule by increasing the ionic 
strength of the solution. In addition, they may also enhance the 
formation of water clusters around the protein molecule and decreases 
the total free energy of the system. A combination of these two factors 
stabilizes the proteins by 'salting-out' hydrophobic residues and the 
molecule becomes more compact. On the contrary, some other ions 
cause denaturation of the proteins. These ions bind extensively to the 
charged groups of the proteins or to the dipoles (peptide bonds), which 
reduces the number of water clusters around the protein. This 
interaction causes destabilization or 'salting-in' of proteins (Von Hippel 
and Schleich, 1969; Arakawa and Timasheff, 1984). 
In principle, the secondary, the tertiary, as well as the quaternary 
structures of proteins are stabilized by virtually the same kind of side-
chain interactions. Dissociation of oligomers may be achieved by 
denaturants used for reversible unfolding of monomeric proteins. 
Oligomeric proteins may also be dissociated by varying the pH. Most 
pH-dependent dissociation experiments were performed at acidic, rather 
than basic pH (Rudolph et al” 1977b). The reason is that upon prolonged 
incubation at alkaline pH, chemical modification of amino acid side 
chain or proteolysis of peptide bonds may occur in some proteins and 
that may result in irreversibility of the process (Sine and Hass, 1969). 
However, a few proteins do show reversible dissociation in weak 
alkaline solution, an example being glucose dehydrogenase (Pauly and 
Pfleiderer, 1977). 
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Dissociaton by charge repulsion of ionizable groups may leave 
certain elements of backbone structure intact. For example, after brief 
exposure to acid, porcine muscle lactate dehydrogenase is dissociated, 
but the monomers are still in a "correct" structure. In this case, no 
folding steps are required in the reassociation reaction and high yields 
of reconstitution can be obtained (Rudolph and Jaenicke, 1976). On the 
other hand, long-term acid treatment has been found to result in a slow 
structural rearrangements from "correct" to "incorrect" monomeric 
structures (Rudolph and Jaenicke, 1976). Such structural changes are 
responsible for a decrease in both the rate and yield of reconstitution. 
Besides the duration of incubation at low pH, the presence of certain 
salts in the dissociating medium may also affect the "correct/incorrect" 
structure of the monomers (Zettlmeissl et al., 1983). Denaturation may 
also involve irreversible chemical modification, for example, changes in 
the redox state of thiol groups, or irreversible loss of essential ligands. 
Reconstitution experiments may require long incubation periods, 
especially at low protein concentrations; the experimental conditions 
have to take care of optimum long-term stability of the protein in its 
native and intermediate states. Apart from stabilizing agents, the 
presence of specific components like cofactors or substrate may also 
increase the rate and yield of reactivation. 
4.2 Materials and Methods 
4,2 .1 Materials 
N A D + (grades III), urea, GdmCl, DTT, NaCl, (NH4)2S04， 
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sucrose and NaPi were purchased from Sigma Chemical Co” St. Louis, 
MO. Absolute ethanol and glycerol were purchased from Riedel de-
Haen，Hannover, Germany. Deionized-distilled water was used 
throughout this work. Urea was recrystallized to remove cyanate and 
prepared just prior to use. 
4.2 .2 Enzyme Activity and Protein Determination 
ADH activity was assayed at 25 by following the formation of 
NADH at 340 nm in an assay medium containing 40 mM ethanol and 2.5 
mM NAD+ in 0.1 M glycine/NaOH, pH 9.0，using a Hitachi 2000 
spectrophotometer. Protein concentration was determined 
colorimetrically by the Folin reagent using bovine serum albumin as the 
standard (Lowry et al” 1951). 
4.2 .3 Effects of Different Dissociating Reagents on ADH 
The enzyme was incubated with either 8 M urea, 6 M GdmCl, 4 
M NaCl or 2 M (NH4)2S04 in 1 mM DTT, 0.1 M NaPi, pH 7.0 for 10 
min at 25。C. To allow reactivation, the enzyme was dialyzed against 
0.1 M NaPi, pH 7.0 containing 1 mM DTT for 24 hr at 4 In the 
study of the effect of urea, the coenzyme NAD+ (10 mM) or NADH 
(100 | iM) was also included in the dialyzing buffer. 
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4.2 .4 Effect of Low pH on ADH 
The native enzyme was incubated with 0.1 M NaPi with 1 mM 
DTT at pH values ranging from 3.2 to 7.0 at 25 for 10 min. 
Reactivation was achieved by dialyzing the enzyme in 0.1 M NaPi, pH 
7.0 containing 1 mM DTT at 4 X . 
4.2 .5 Instrinsic fluorescence of Acid treated ADH 
The instrinsic fluorescence of the protein was measured with a 
fluorimeter equipped with a thermostatically controlled sample holder. 
The samples were excited at 290 nm. Emission spectra were recorded 
from 300 nm to 450 nm. ADH was incubated for 10 min at 25 in 0.1 
M NaPi, pH 3.2 and 7.0 before spectral measurements. The spectrum 
was measured again after the enzyme was neutralized. 
4.2 .6 Gel Filtration of Acid treated ADH 
Gel filtration was performed at room temperature by (Pharmacia) 
5 ml FPLC Superose 12 gel-filtration type column. Chromatographic 
analysis was made by a HPLC system equipped with a HPLC pump 2248 
LKB Bromma and 2141 variable wavelength monitior LKB Bromma. 
ADH was preincubated for 10 min in 0.1 M NaPi, pH 3.2 or pH 7.0. A 
volume of 250 \i\ enzyme preparation was injected into the column pre-
equilibrated with the incubation buffer. The chromatogram was 
developed isocratically. To test the reassociation process, an enzyme 
preparation which has been acid-treated and then neutralized was also 
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analyzed on the same column at pH 7.0. The following proteins were 
used as standards: ribonuclease A (MW 13,700), chymotrypsinogen A 
(MW 25,000), ovalbumin (MW 43,000) and bovine serum albumin 
(MW 67,000). 
4 . 2 E f f e c t s of Various Reagents on Reactivation after 
Acid-induced Dissociation 
The enzyme was incubated in 0.1 M NaPi，pH 3.2 for 10 min at 
25 Reactivation was studied by diluting (1:6) the enzyme solution 
into 0.25 M NaPi, pH 7.5 containing the various reagents as shown in 
Table 4.2. 
4 . 2 . 8 Effects of Various Reagents on Acid-induced 
Dissociation at 4 "^ C 
The native enzyme, in 0.1 M NaPi, pH 3.2 containing various 
reagents as indicated in Table 4.3. was incubated in an ice-water bath. 
To acheive reactivation, the preparation was diluted and neutralized 
with 1 mM DTT, 0.25 M NaPi, pH 7.5 and incubated at 25 
4 . 2 . 9 Effect of Glycerol on Acid-induced Dissociation 
The enzyme was incubated with different concentrations of 
glycerol (20%, 10%, 1% and 0.1%) in 0.1 M NaPi, pH 3.2 for 10 min 
at 0 Reactivation was studied by neutralizing the preparation with 
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0.25 M NaPi, pH 7.5. 
4 丄 1 0 Effect of Incubating time on Acid-induced 
Dissociat ion 
The enzyme was incubated in 1 mM DTT, 0.1 M NaPi, pH 3.2 for 
different periods of time (20 sec, 1 min, 5 min, 10 min and 30 min) at 
25 OC. Reactivation was studied by neutralizing the enzyme with 0.25 M 
NaPi, pH 7.5. 
4 . 2 . 1 1 Effects of Coenzymes on Reactivation after Acid-
induced Dissociation 
The enzyme was incubated in 1 mM DTT, 0.1 M NaPi, pH 3.2 for 
20 sec at 4 Reactivation was studied by neutralizing the enzyme with 
0.25 M, NaPi pH 7.5，containing DTT (1 mM), NAD+ (10 mM) or 
NADH (100 _ . 
4.3 Results 
Incubation of the enzyme with the either 8 M urea, 6 M GdmCl 
or 4 M NaCl for 10 min results in a complete loss of enzyme activity. 
Practically, no activity was regained after removal of the reagents by 
dialysis for 24 hr. The presence of the coenzyme, NAD+ or NADH, also 
failed to assist the reactivation of the urea-treated enzyme (Table 4.1). 
On the other hand, about 60 % of the activity remained after treating 
the enzyme with 2 M (NH4)2S04 (result not shown). 
58 
D/R of Human Class I ADH by using urea. GdmCI. high salt and low pH 
Table 4.1 Effects of urea, GdmCI and NaCl on ADH 
"Dissociating Reagents I Reassociating Buffer Recovery 
8 M Urea 1 mM DTT N.A. a 一 ~ 
8 M Urea 一 iOmMNAD+ 
8 M Urea 一 100 _ NADH R A a 
6 M GdmCI 1 mM DTT < 5 % 
4 M NaCl 1 mM DTT < 8 % 
aN.A.: no activities. ‘ 
The enzyme was incubated with the various dissociating reagents in 0 1 
M NaPi, pH 7.0 with 1 mM DTT. To allow reactivation, the enzyme 
was dialyzed against 0.1 M, pH 7.0 containing the various reagents as 
indicated. Activity was measured after 24 hr. 
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Figure 4.1 The pH-stability profile of human liver class I ADH. 
The time of incubation of enzyme solution is 10 min at 25 in 
0.1 M NaPi of pH ranging from 3.2 to 7.0. Enzyme activity was 
assayed in 0.1 M glycine-NaOH buffer, containing 2.4 mM NAD+ 
and 40 mM ethanol. 
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The effect of pH on enzyme stability is illustrated in Fig.4.1. The 
enzyme is quite stable at pH 6 - 7. Decreasing the pH increases the rate 
of deactivation such that at pH 3.2, virtually all the activity was loss 
within 10 min of incubation. Subsequent neutralization and dialysis of 
the deactivated sample (pretreated with pH 3.2) resulted in about 30 % 
reactivation after 24 hr (Fig. 4.2). 
The native enzyme at pH 7.0 show a fluorescence spectrum with 
emission maximum at 335 nm. The fluorescence spectrum of the 
enzyme at pH 3.2 show a similar pattern except that the intensity at 335 
nm is only about 40 % of that observed for the native enzyme (Fig.4.3 
A). Upon neutralization, about 10 % of native fluorescence is restored 
immediately (Fig. 4.3 B). 
Gel filtration experiments showed that the enzyme exists as a 
single species at pH 7.0. Comparison of the elution profile with that of 
the standards indicates that the molecular weight was about 80,000, 
corresponding to the dimeric ADH (Fig.4.4 A). At pH 3.2，the enzyme 
exists as a single peak with molecular weight of 40,000, corresponding 
to the monomeric species (Fig.4.4 B). Two peaks were observed for the 
sample which has been pretreated with pH 3.2 and subsequently 
neutralized, indicating that both dimers and monomers were present 
(Fig.4.4 C). 
Table 4.2 shows the result of the effect of various reagent on the 
reassociation of the monomer which was produced by acid (pH 3.2) 
treatment. The addition of either DTT, NAD+ or NADH to the 
renaturating buffer，0.25 M NaPi, pH 7.5, only give about 20 % 
recovery. Other stabilizer such as glycerol and sucrose only give 14% 
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Figure 4.2 Effect of low pH on ADH. The enzyme was 
incubated in 1 mM DTT, 0.1 M NaPi, pH 3.2 for 10 min at 25 
Reactivation was achieved by dialyzing against 1 mM DTT, 
0.1 M NaPi, pH 7.0. at 4。C. The activity of the enzyme was 
assayed at time intervals. 
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Figure 4.3 (A) Fluorescence spectra of human liver class I 
ADH (0.2 mg/ml) after incubated for 10 min in 0.1 M NaPi, 
pH 7.0 ( ) or pH 3.2 ( 0. Excitiation was at 290 nm. 
Emission was measured from 300 nm to 450 nm. (B) 
Reactivation of the enzyme was followed by rapid 
neutralization. Fluorescence spectra of the corresponding 
preparation after two fold dilution with 0.1 M NaPi, pH 7.0. 
Denatured state ( ) and renatured state ( ). 
63 





















一_ ,丨 I ,•「•。 ^ ’ - _ ‘ * _• I � “ I, - • . 丨 * • . - • . . • I • • . . I . • _ 
Figure 4.4 FPLC elution patterns of human liver class I ADH on Superose 
12. (A) Control, the column was developed in 0.1 M NaPi, pH 7.0. (B) Acid-
treated, the enzyme was pre-incubated with 0.1 M NaPi, pH 3.2 for 10 min, 
and the column was developed in 0.1 M NaPi, pH 3.2. (C) Reassociated, the 
enzyme, after pre-incubated with 0.1 M NaPi, pH 3.2 for 10 min, was 
neutralized by 0.25 M NaPi, pH 7.5, and then studied on the column using 
0.1 M NaPi, pH 7.0 as the buffer. 
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Table 4.2 Effects of various reagents on reactivation after acid-
induced dissociation 
Ressociating Reagents Recovery 一 
1 mM DTT 一 19 % 
10mMNAD+ 20 % 
100 _ NADH 20% — 
10 _ ZnCl2 0 % 
20 % Glycerol ‘ 14 % 
0.1 M Sucrose 14 % 一 
lOmMNaCl 14 % 
The enzyme was incubated in 0.1 M NaPi, pH 3.2 for 10 min at 
25 Reactivation was studied by diluting (1:6) the enzyme 
solution into 0.25 M NaPi, pH 7.5 containing the various reagents. 
The activity of the enzyme was assayed after 24 hr. 
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recovery upon reactivation. The presence of the salt, NaCl, gives a 
recovery of activity similar to those of glycerol and sucrose. On the 
other hand, virtually, no reactivation occur when the renaturating 
buffer contain ZnCb. 
When the dissociation at low pH was carried out at 4 the 
recovery upon reactivation is significantly higher. The presence of 
DTT，NAD+，NADH, sucrose or NaCl in the dissociating solution gives 
a recovery of activity ranging from 40-50 %. The presence of glycerol 
in the renaturing buffer gives the best recovery in activity among the 
reagents tested, about 60 % of the activitiy can be regained (Table 4.3). 
The extent of reactivating depends on the concentration of 
glycerol added to the dissociating medium (Fig.4.5). The best recovery 
occurs for 20% glycerol. Sixty percent activity can be regained after 8 
hr of incubating at 25 "C. Lower concentration of glycerol gives 
correspondingly lower recovery in enzyme activity after 8 hr of 
incubation. 
« 
The time duration for which the enzyme is incubated at the low 
pH also affect the final recovery in activity (Fig. 4.6). A short 
incubation, 20 sec, is sufficient to completely dissociate the enzyme as 
indicated by the negligible activity at time zero. The short incubation 
time obviously enable a greater recovery of activity upon neutralization. 
For example, 30 min incubation at low pH gives only a slight recovery 
of 10 %. On the contrary, a brief exposure (20 sec) to low pH allows a 
63 % recovery in activity within 8 hr. The presence of coenzyme in the 
reactivation buffer increase slightly the rate of reactivation and the time 
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Table 4.3 Effects of various reagents on acid-induced dissociation at 
4。C 
Dissociating Reagents | Recovery 
1 mM DTT 49 % 
lQmMNAD+ 42 % 
100 _ NADH 44 % 
10 _ ZnCl2 27 % 
20 % Glycerol 60 % 一 
0.1 M Sucrose 43 % — 
10 mM NaCl 40% 
The enzyme was incubated in 0.1 M NaPi, pH 3.2 containing 
various reagents in an ice-water bath for 10 min. To acheive 
reactivation, the preparation was diluted with 1 mM DTT, 0.25 M 
NaPi, pH 7.5 and incubated at 25 The recovery of enzyme 
activity was assayed after 24 hr. 
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Figure 4.5 Effect of glycerol on the recovery of activity 
after acid-induced dissociation. The enzyme was incubated in 0.1 
M-NaPi, pH 3.2 for 10 min at 0 in the presence of different 
concentration of glycerol. Reactivation was studied by 
neutralizing the preparation with 0.25 M NaPi, pH 7.5. Recovery 
of enzyme activity was assayed at time intervals. 
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Figure 4.6 Effect of incubation time at low pH on the recovery 
of activity upon neutralization. The enzyme was incubated in 1 
mM PTT , 0.1 M NaPi，pH 3.2 for various time at 25 
Reactivation was studied by neutralizing the preparation with 0.25 
M NaPi, pH 7.5. The recovery of enzyme activity was followed at 
time intervals. 
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Figure 4.7 Effects of coenzymes on reactivation after acid-
induced dissociation. The enzyme was incubated in 1 mM DTT, 
0.1. M NaPi, pH 3.2 for 20 sec at 0 Reactivation was studied 
by neutralizing the enzyme with 0.25 M NaPi, pH 7.5，containing 
DTT (1 mM), NAD+ (10 mM) or NADH (100 |iM). 
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required to attain maximal recovery is shorter than that containing only 
DTT in the buffer (Fig. 4.7). 
4.4 Discussion 
The dissociation of oligomeric enzymes to subunits upon exposure 
to appropriate concentrations of a denaturant is often the first step in 
denaturation and usually results in the loss of enzymatic activity (Parr 
and Hammes, 1975; Jaenicke, et al, 1981; Yao，et al” 1984; Herold and 
Kirschner, 1990). This observation reflects the fact that the inter-
subunit interactions are weak relative to the interaction that stabilize the 
secondary and tertiary structure of each subunit. 
Incubation of the enzyme with a high concentration of urea (8 M) 
decrease the activity of the enzyme. The rate of inactivation is 
proportional to urea concentration as well as the temperature of 
incubation, though the enzyme concentration did not seem to have any 
significant effect (Jaenicke and Rudolph, 1989). Urea treatment (6 M) of 
horse liver ADH has been studied by Drum et al. (1967). It was found 
that the sedimentation coefficient of the enzyme decreases from 4.8S to 
2.4S and the MW becomes 40,000, demonstrating the dissociation into 
two subunits of approximately equal molecular weight. On dilution and 
dialysis, the enzyme is restored as much as 70 % of the original activity. 
Urea may either cause isomerization of the peptide bond of amino acid 
residues, weaken the extended network of hydrogen bond between 
compact structures, or alter the hydrophobic interactions (Jaenicke and 
Rudolph, 1986). In the present investigation, it was found that human 
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ADH，unlike the horse enzyme, cannot be reactivated upon removal of 
the urea. 
It has to be noted that cyanate is formed spontaneously from urea. 
An 8 M urea solution contains approximately 0.02 M cyanate at 
equilibrium (Lapanje, 1978). The cyanate ion can react with both the 
amino and sulfhydryl groups of amino acids side chains, causing 
irreversible inactivation. Therefore, urea was recrystallized and freshly 
prepared to remove cyanate ions just prior to use. 
GdmCI have also been reported to affect the horse liver ADH in 
different ways (Gonneli and Strambini, 1986). Irreversible loss of 
enzyme activity was found with 6 M GdmCI in which perturbations of 
protein structure leads to permanent unfolding. Liang (1990) observed 
complete dissociation of the enzyme only in the presence of a 
concentration of GdmCI higher than 0.5 M. GdmCI, unlike urea, is a 
positively charged species which, as found for inorganic salts, can have 
a stabilizing effect on the peptide unit in water (Tanford, 1968). Thus, 
the greater affinity of GdmCI for hydrogen bonding in the peptide unit 
may result in partial disruption of internal H-bonded structures and be 
responsible for the dynamical changes observed. Removal of GdmCI by 
dialysis leads to rapid, but incorrect intermolecular interaction between 
the hydrophobic stretches, resulting in aggregation and precipitation 
rather than allowing the correct hydrophobic core of the native protein 
to reform (Jaenicke and Rudolph, 1986). 
The inactivation by 4 M NaCl was not reverted upon 24 hr 
dialysis at 4。C. In other words, the denaturation caused is irreversible. 
Electrostatic interactions have been assumed to play a major role in the 
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formation of a compact structure of globular proteins. If only favorable 
electrostatic salt-bridge-like interactions were involved in the association 
process, increasing ionic strength to 0.1 M should be able to disrupt the 
subunit-subunit interactions (Mayo and Chen, 1989). 
Contrary to that in NaCl, 65 % of the enzyme activity can be 
retained after incubation with high concentration (2 M) of (NH4)2S04. 
It has been reported that (NH4)2S04 is a structure-stabilizing salt, and 
LDH is stable even at high concentration of the salt (Girg et al., 1983), 
suggesting a more rigid structure of the enzyme. A relatively fragile 
and flexible active site has been envisaged which may well be required 
for the catalytic activity of the enzyme. The partial prevention of 
dissociation could be due to its stabilizing effect on the conformation of 
the enzyme resulting in a more rigid active site. 
The denaturation of human ADH is a multi-step process, i.e. 
dissociation of active dimer into inactive, structured monomer followed 
by unfolding. The inactivation is believed to be due to the dissociation of 
the dimer rather than to non-specific effect of the denaturants on the 
active site of the enzyme at high concentration. 
While some enzymes, like glutamine dehydrogenase (West and 
Price, 1988)，aspartate aminotransferase (West and Price, 1990) and 
citrate synthase (West et al., 1990) fail to regain activity after 
denaturation, many other oligomeric enzymes have been successfully 
renatured after removal of the specific dissociation/denatuaraton 
reagents. Teipel & Hill (1971) reported that some recovery of fumarase 
activity can be obtained simply by diluting the GdmCI used for the 
denaturation process. Aldolase can also be reversibly dissociated into 
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subunits (Stellvvagen and Schachman; Deal et al., 1962) at drastic 
denaturing conditions, pH 2.0 and 8 M urea. Pigeon liver malic enzyme 
was gradually dissociated at low pH and reassociation of the subunits 
was accomplished simply by adjusting the pH to neutrality (Chang et al” 
1988). Among the various dissociating methods, acidification seems to 
give the best recovery in activity. Moreover, the elementary process in 
the reassociation reaction can simply be carried out by neutralization. 
At pH 6.0-7.0, human ADH existed in native dimeric form. The 
enzyme was gradually dissociated at lower pH. At pH 3.2，the enzyme 
was present in the monomeric form. Human ADH showed a pH 
dependent dissociation in an acidic environment. The lost in enzyme 
activity at acidic pH may not be only due to protonation of certain 
functional groups (Chang et al., 1988)，but probably due to the 
dissociation of the enzyme. The dissociation of the dimer at low pH was 
shown by several observations, including the loss of enzyme activity, the 
change in fluorescence spectrum, and most importantly, the pattern on 
gel filtration chromatograhy. As shown in the results, deactivation, local 
conformational changes as detected by fluorescence and dissociation of 
dimer parallel with each other. 
The intensity of fluorescence emission clearly indicates the local 
conformational changes of the enzyme upon denaturation. 
Crystallographic analyses (Eftink et al., 1974; 1976; Eklund et al., 
1984) indicate that liver ADH is made up of two identical subunits of 
374 amino acids each. Each subunit contains two domains, the catalytic 
and coenzyme binding domains, separated by a cleft. Each subunit 
contains two tryptophans. Trp-15, in the catalytic domain, is in a P 
pleated-sheet region with its aromatic ring well exposed to the solvent, 
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while Trp-314 is more deeply buried. The Trp-314 residues contribute 
most of the fluorescence intensity observed. 
The quaternary structure of ADH was monitored by gel-filtration 
experiments. The absence of a dimeric peak in the chromatogram 
(Fig.4.4 B) indicates that complete dissociation has occured. On 
reactivation, about 10 % of native fluorescence is restored immediately 
on neutralization. This change in fluorescence may reflect fast trans-
conformation reactions in the isolated subunit. The gel-filtration pattern 
also indicate that some reassociation of the subunit occur upon 
neutralization. Such reconstitution of the active dimer seem to consist of 
first-order transconformations plus second-order reassociation 
processes. 
The results of the present investigation indicated that the recovery 
of Class I ADH activity is basically the same when the enzyme is 
incubated (1) at low pH for short period of time (20 sec) at room 
temperature, or (2) in dissociating medium contains 20 % glycerol at 0 
。C for 10 min. A short incubation time could allow the enzyme to 
dissociate into correctly folded structured monomers that may be 
reactivated to a certain extent. On the other hand, the addition of 
glycerol change the solvent conditions and that may also allow the 
formation of structured intermediates. It has also been reported that 
glycerol can retard the freeze-induced pH changes in phosphate buffers 
by 30 % (Hill and Dickinson, 1989)，that could also affect the structure 
of the dissociated species. Moreover, a low temperature also seems to 
protect the dissociated protein. 
Apart from the stabilizing agents, optimal conditions for activity 
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recovery may also include specific components like cofactors. These 
small organic molecules may increase the rate and the yield of 
reconstitution. In our study, NAD+ and NADH did increase the rate of 
reactivation. It is believed that since coenzyme generally bind to the 
active site of an enzyme in a relatively high degree of precision, such 
complex ligands may act as "nucleation sites" for protein folding. 
Unfortuately, NAD+ and NADH did not increase the yield of 
reactivation. The remaining 40 % represent inactive monomers with 
native-like secondary structure. It is also suggested that domain merging 








In the present investigation, various dissociation and reassociation 
methods have been examined, hoping that some of them may provide 
efficient methods to obtain the various subunits and gives a satisfactory 
recovery of activity upon reassociation. Unfortunately, while dissociation 
appears to "have occured under various treatments, quantitative 
reassociation seems to be much more difficult. 
The D/R study was based on activity assay with the assumption 
that the monomer of ADH is inactive. Activity, rather than molecular 
weight，was used as the criterion to follow the process, not only because 
it is more simple and easy to be carried out, but also because of the 
ultimate aim of the project: to produce "active" homodimeric enzymes, 
not just reassociated enzyme. Hence, the reversibility of deactivation is of 
utmost importance. 
Treatment with urea, GdmCI and NaCl all resulted in a complete 
loss of activity. It is believed that for urea and GdmCI, both of them 
common dissociation agents, the loss is due to the dissociation of ADH. 
The effect of NaCl might be more complicated and may not be related to 
the loss of quaternary structure. However, in all these cases, no attempts 
were made to clarify whether dissociation had occured because the 
deactivation process cannot be reversed upon removal of the reagents. 
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On the other hand, it was shown, by the present investigated and 
that of Brigand et al. (1989) respectively, that acid treatment and F/T 
treatment can dissociate the dimeric ADH to give the monomeric species. 
Results from the acid treatment experiments demonstrated that the 
reactivation process parallel the reassociation process, supporting the 
assumption that the monomer is inactive; in other words, the quaternary 
structure is essential for the activity of the ADH. 
The ultimate aim of the present D/R study is to find a method for 
obtaining the different types of monomers, from which homodimeric 
isozymes can be produced. Comparing the acid-treatment and the F/T 
methods，the latter gave a better recovery of activity. Under the 
appropriate condition, the recovery can be as high as 95 %. Moreover, the 
monomer was quite stable at 0。。and can still retain the ability to 
reassociate after 24 hr. Usually after the D/R process, about 5 % activity 
was obtained immediately, suggesting the presence of a minute amount of 
the dimeric enzyme. The dimers can be removed from the monomers by 
using the affinity resin AMP-Agarose (data not shown). Such separation 
makes use of the fact that only dimers, but not monomers, can bind to the 
coenzyme, as suggested from structural studies. 
Attempts were also made to separate the different types of 
monomers, using the ion exchange resin CM-cellulose. The monomers, 
produced by the F/T technique, was applied to the cation exchanger at 0 
Unfortunately, no separation was observed and only a single peak 
was obtained (data not shown). Moreover, such peak, even after 
concentration, fail to show any reactivation upon incubation at 25 °C. 
This may be due to the dilution involved in the chromatographic process, 
which may somehow denature the enzyme. 
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In short, it is obvious that the conditions still need to the optimized. 
The presence of bovine serum albumin (BSA) may be useful in retarding 
enzyme dissociation and follow the production of the structured monomer 
(Hil l and Dickinson, 1989). Free amino acid may also be helpful in 
protecting the enzyme against F/T damage (Heinz et al, 1990). In any 
case, further work is necessary to optimize the conditions for (1) 
producing the monomers; (2) stabilizing the monomers; (3) separating 
the monomers; and (4) reassociating the various types of monomers to 
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